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1. ABSTRACT
The work described in this report summarizes a six-month study to develop a f

lightweight, tactical electric power plant with a low level of aural, LR., and visual
detectability, based on a Stirling engine. The corceptual design presented was
analyzed and predicted to have power output qualities exceeding those specified by
the Army for tactical generators. The unit promises to have maintenance and
overhaul requirement characteristics superior to any generator system in current use. f

e

2. INTRODUCTION

For several years, the Army has been sponsoring a program to develop a family of
Silent Ligrtweight Electric Energy Plants (SLEEP), The general requirements of the
program are to design lightweight, compact, reliable, easily transportable, multifuel
electrical generating devices that will be difficult to detect by visual, aural and IR
means, The principle uses for the devices will be to provide power for
communications equipment, command posts, visual and IR illumination devices,
maintenance equipment, ground surveillance radar, battery chargers, and coinbat

i mi A e ek it et

e

vehicle needs,
Developments in Stirling engines over the last several years have made these

A,.
s

e -

jL ‘ engines viable candidates for the SLEEP program. The Stirling engine is an external
- combustion engine, which can run on a multitude of fuels, ranging from the typical
o  " military liquid fuels such as gasoline, diesel, JP% and JP5, to solid fuels such as coal or
even wood. This range of fuels greatly enhances; the probability thai the device will

SRS ST S

be operational when needed. :
t\‘ Personne! currently involved in major design advances for Flow Industries' Stirling ‘
engine program have been actively involved in Stirling technology for over twenty
years. Most of these advances have been associated with a prcgram sponsored by the
Natiorzl Institute of Health, in efforts to develop a power source for artificial ]
hearts. The current technology for a Stirling engine heart pump power source is at the
siage where a lb—year maintenance-free life is achievable. Operational units have

R

already been running continuously for more than 4 years without maintenance.

Critical components in the design have been tested and theorized tc have almost
infinite life. Studies performed at Flow have demcnstrated that the heart power i
source can be scaled to large engines, as was documented in a report to NASA on
scaling up to a 15 kW output model (NASA OR-] 59587),
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The work described in this report was sponsored by the Defense Small Business
Advanced Techriology (DESAT) program. The total effort is divided into two phases.
The Phase | portion of the study, presented in this report, was o derive a design
methodology that would lead to the development of a Stirling eagine-based engine
generator set. This report describes a Stirling-Ringbormn conceptua! design that has a
3 kW electrical pover r~utput. The goal of the design =ifort was *o achjeve a
maintenance-free engine by scaling up the basic heart engine desizgn. Phase 2 of the
effort will be to detail the conceptual design of this report and build a demonstration

unit.

3, OBIECTIVE

The objective of the work presented in this report was to develop a design
methodology that would allow application of Stirling engine technology to
engine-generator sets. The work was divided into 3 tasks:

l. Define an end use that will meet the Army's needs, .acluding equipment
requirements,

2. Select an engine configuration to nicet the requireiments as defined above.
3. Evaluate the feasibility of the selected engine configuration.

The effort descrited here covers a six-month period. A conceptual design
meeting the requirements developed in Task 1 above is presented, and forms the basis

for & Phase 2 effort, which will be the construction of @ demonstration unit.

4. APPROACH
In order to best define the Army's needs, a review me:zting was held with

ME RADCOM personnel at Ft.Belvoir, Virginia. Discussions resuiting from this
meeting established a set of requirements for 4 power plant tha! would best meet the
Army's needs. The SLEE P program was identified as a good application for Stiriing
engine technelogy.

Once a gencral set of requirements was established, a review of past work in
Stirling engine development was made by drawing from experience gathered during
15 years of work by Flow personnel on a Stirling heart purip. After comparing the
Army's requirements for a Stirling-powered generator with the capabilities of
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state-of-the-art Stirling technology, a comparative analysis was performed on fivc
Stirling engine concepts. We then selected the best of these concepts, determined
preliminary sizing and specifications, and produced a conceptual layout. Next, we
perforined a computer analvsis of operation undzr startup, steady state and transient
were compared with the requirements set by

conditions, and the results

MIL-STD-13328B,

5. DISCUSSION

A. Army Requirements

The Army's requirements were jdentified as a result of discussions with
MERADCOM personnei, and were based on the SLEEP program. They are aimed at
developing a lightweight, low detectability, tactical electrical power source. Eight
points for consideration were brought out in the discussions. They are:

1. Selection of the working fluid air, hydrogen or helium).

2. Power density characteristics of the kinematic versus Ringbom designs.

3 Efficiency.

4, Trade-o {fs (e.g., performance versus field serviceability).

5. Serviceability.

6. Ambient temperature and altitude in service conditions.

7.  Fuels (gasoline, diesel, JP4 and JP5).

8. Cost.

These points are covered in this section as part of the various design
considerations and trade-off studies. The range of engines applicable to the study
covered 0.5 kW to 10 kW. As a result, the study concentrated on a 3 kW design, since
this was in the middle of the size range and could be easily scaled up or down to cover
the limits. This section presents the results of the study and addresscs the points
listed above,

B. Stirling Engine Concepts Reviewed

Five free piston Stirling engine concepts were reviewed and ar.: summarized as
follows:

1. Free piston with linear alternator output.

2,  Free piston with hydraulic power output.

ke
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3.  Forced displacer with free power piston, and hydraulic output.
4. Free displacer Ringbom with rotary crank output.
Je Forced displacer Ringbom with rotary crank output.

Tables | through 5 and Figures | through 5 compare the five Stirling designs
considered in Phase |.

Five criteria were selected for evaluation:

. Noise level: Stirling engines do not have the combustion noise problems
associated with internal combustion engines. They do have limited combustor noise,
which can be easily muffled. The predominant noise comes from the cooling fan.
One means to overcome this noise problem is to use a large diameter, low speed fan
with acoustic treatment on the shroud. Efficient fan designs will also help reduce the
sound level. In general, the Stirling engine should be very quiet, as a result of inherent
low noise levels and the use of standard noise reduction techniques.

. Perfcrimance: The performance of the Stirling engine is very high compared to
other engines. For the 3 kW range, an efficiency of about 40% should be achievable.
Higher efficiencies could be expected for larger engines.

. Reliability: The Stirling heart power source program has demonstrated

nd

hat very
reliable Stirling engines can be buiit- The novel design Techniques developed for the
heart engine can be used for an electrical generator unit. These designs actually
reduce produc:ion costs when compared with less reliable designs. N

. Transportability: The power density of the Stirling engine becomes quite high
when using helium and a high working gas pressure. This translates into a very
portable, lightweight design. A 3 kW unit meeting the Army's service standards will
weigh less than 300 pounds.

. Maintainability: The design concepts presented in this report allow the entire
engine/aliernator assembly to be sealed much like a home refrigerator compressor
unit. This would produce years of trouble-free service. By combining the
engine/alternator unit with other modular units, maintenance can be greatly
simplified. The combination of high reliabjlity and low maintenance will greatly
enhance the availability of the unit, and assure its mission-ready status.
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Flow Indusiries Evaluation of the Free-Piston Stirling Linear Alternator Concept

3 kW Free Piston Stirling Engine Generator Study for U.S. Army Mobility Equipmeny
Research and Development Command under Contract DAAR 70-81-C-0115

15 kW Solar Electric Free Piston Stirling Linear Alternator Study under NASA
Contract DEN3-3¢

Free piston linear-afternztor concept

Gas bearing support of moving componants

Gas bearing piston seals 3

Simple concept

Two moving parts plus moving components in the control system.

Fiow Industries extensively analyzed an MTI 13 kW free piston Stirling linear
alternator system jn conjunction with NASA funded study which explored coupling a

hydraulic converier, hydraulic motor, and rotary alternator to the engine. This study
revealed th2 following disadvantages of the f{ree piston Stirling linear alternator
approaco.

Seli-sustained oscillation is only marginaily stabie for this configuration. At many
oesirable design points and possible load conditions, the engine will not run.

Holding constant operating frequency with varying power output is difficult.

Gas bearing seals and suppo: °s for moving components are expensive and compromise
reliability.

System is unable to operate at resonance without unacceptable displacer collisions.
This limits operation to subresonance, which limits power density and etficiency, and
increases weight, volume, and cost.

Use of annual heater head with high thermal stress coefficient limits design to low
pressure, which limits power density and efficiency, and increases weight, volume,
and cost.

Low average flux-cutting speed of linear-alternator increases generator weight and
the required amounts of expensive magnetic materials. This affects system weight,
volume, and cost.

Use of the generator armature as the 2ngine power piston places constraints on the
engine design not imposed by other approaches, thereby increasing weight, volume,

and cost.
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¥ ! Table 1.
3 ‘. ‘
’ ¢ Organization: MTI1
: Examples: a)
b)
| '
: Features: a)
f b)
g c)
: ?
: Advantages: a)
E b)
: 4
Disadvantages:
3
f a)
L
- ‘ b)
'3; <)
i d)
3 G o
1)
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Figure 1

Suggestec Control for 16 kW Solsr Engine
Variable Volurne Dicnlacer Bounce Chamber
{Changes Displacer Natura! Frequency)

Gas Heater
l-—é

AW W Displacer Bour}ca Dismeter

X With Gas Bearing Displacer

\ ' A |~ Suspension and Pision Seal
\ /

\ 1 \n P

N he=1 . L % Regenerator

N '

N ‘ N

\ N
\ —

| b ot (G838 Covler

= . [" ) Combined Power Piston

ond Flux Switch with Gas

f“"‘——] SE—— S 7,_,-* Beariny Suspension and Seal

T Makeup Systems
/ \ Omitted for Clarity

Concept Diagram, Free Piston Stirling Engine
with Linear Alternator
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Table2. Flow Industries Evaluation of the Free Piston Stirling Hydraulic System Concept

Organizstion: University of Washington, Joint Center of Graduate Study (JCGS)

Example: Free piston Stirling hydraulic engine for Artificial Heart Power Scurce Project fundad
continuously by NIH since 1967. Developiment has progressed to an advanced stage with
high performance and many years of continuous life testing with engines ard critical
companents.

Organization: Flow Industries/JCGS (Zontractually constrained to MTI engine portion design)

Example: Conceptual Design and Cost Analysis of Hydraulic Output Uiit for 15 kW Free Piston
Stirling Engine. NASA Lewis Research Center, Contract DEN3-212. The engine used in
this conceptual design was an MTI 15 kW design originally intended foc use with & linear
&lternator. Dynamics of both the Stirling hydraulic approach and the Stitling linear
alternator approach were studied extensively.

Features: a) Proprietary "dry inertia" power piston. Pressure-balanced; fully-iubricated power

piston, sealed by hermetic pressure-balanced metal dellows.
b)  Uses gas brarir; for displacer drive seal.
c) Uses ofi-the-shelf hydraulic motor and off~the-shelf generaicr or alternator.
d) Power piston motion dynamically balanced. Displacer piston mo*ion unbalanced.

Advant&gea: a) Retains many of the advantages of the demonstiated Stirling hydraulic approach

developed for long life artificial heart power source application,

b) Off-the-sheif hydraulic motor and electric generator or aiternator reguire no
development,

c}  Cenerator frequency is decoupled from engine frequency, allowing pre~tical control
to maintain constant frequency.

Disadvantages: | a)  Self-sustained oicillation is marginally stable., At many desirable design points and

possible load conditions, the engine will not run.

b) Gas bearing displacer drive seal and support is expensive and may compromise
reliability.

¢) Compromised powe: dJensity. Cannot operate rt resonance without experiencing
displacer and power beliows coalisions.

d)  Particlly unbalanced. Cannot employ dynamic absorber because operating frequency

shifts with power Jevel,
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‘;; Engina
E.
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b Table 3. Flow Industrios Evaluation of the Forced Displacer, Fres Power Piston Stirling
i Hydraulic System Concept
¢
’ Organization: Flow Industries 3
i : ;
i Erxampla; External Drive Research Engine developed and tested successfully by University cf 3
| Washington, Joint Center for Graduate Study. ]
{
Fentures: Same a3 free piston Sticling hvdraulic except displacer is driven from external energy g
) source. Displacer drive is independent of engine pressure fluctuations. :
"o :
; Displacer Drive a}  Rotary electric
Alternatives: b}  Rotary hydraulic
¢)  Linear electric "
ot d)  Linear hydraulic
Advantagas: a}  Outstanding potential for fong mean-time-between-overhauls and failures, low
E weight, low volume, and low co3t.
' b)  Retlains manv of the udvantages of the demonstrated Stirling hydraulic approach {
. developsd for jeng life artificial heart power source application.
Lo q
1 . & <) Off-vhe-shelf hydraulic motor and electric generator of afternator require no E
' development, 3
3 ' d}  Numerous possible stabie approaches to conito! have been identified. Linear ‘
displacer drive appreaches reduce both Carnot heat and rehest losses at part power. |
2)  Operating frecuency is easily made constant for both rotary and linsar displacer J
drive, allowing use of & dynamic absorber for fuil system bhalancing or for
augmentsticn of system balancing.
£} Vlinzar electric drive of dispiacer allows independent contrel of displacer amplitude,
providing operation At resonance without displacer or power train cellisions.
Oporation at resonance increases power density, thereby reducing weight, volume,
nd colt.
g) Lintar electrical displacer drive elimjnates need for displacer grive piston secl. 3
) Proprietary Fluw Incustries heater head dosign allows high design pressure for high :
power density and effiviency and low weight, volume, and cest. i
Disadvantages: | 2}  Requires hydraulic accumuiators., 7
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Table 4. Flow Industries Evaluation of Free L. ¥aser Ringbom Electric System Concept

e R s

Organizstion: Flew Industries
Features: Same as free piston Stirling hydraulic except power riston is coupled directly to rotary
motion.
a)  Crank or yoke connects pressura-pulanced power piston with flywheel, which drives
generator or altemator,
b}  Counter-rotating tlywheels for complete dynamic balance.
¢)  Overdriven free piston displacer drive with top-end tuning.
d)  Off-the-shelf rotary alternator or generator.
e)  Hydraulic motor is not required,
Advantages: s)  Pressure-balanced power piston greatly reduces power train bearing loads,
power-train friction ivsses, and required flywheel rnass.
h) Retains many of the advantages of the demonstrated Stirling hvdraulic apprcach
developed for long life artificial heart power source application.
¢)  Oif-the-sheif alternator or generator requires no development.
d)  Completely halanced for emooth, auiet, vibration-free power.
Disadvantages: a)  Control mode to provide precise frequency control not jdentified.
b)  Two small {lywheels are required.
¢) Displacer drive piston seal not identified. Gas bearing shown in concept diagram

considered unacceptable for reasons of cost and reliabiiity.
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': , Table8. Flow Industries Evaluation «f Forced Displacer Ringbom Efectric System Concept
] v
? 3‘
: i s Organization: Flow Inductries
:
Features: Same as free displacer Ringbom except that the displacer is driven from an external
t energy source. The displacer drive is independent of the engine pressure fluctuations,
L allowing steady operation at a specified frequency, regardless of the load.
i : — —
: i 4 Displacer Drive | a)  Rotary electric
; Alternatives:
f natives b)  Rotary Hydraulic
t
\ c)  Linear electric
L d)  Linear hydraulic
i P
! Advantages: a) Ouistanding potential for long mean-time-between overhauls and failures, low
i weight, low volume, and low cost as demonstrated by the long-life, artificial heart
[ power-source application.
‘ ! b)  Pressure-balanced power piston greatly reduces power train bearing loads, power
L ‘ train friction losses, and required flywheel mass.
i c)  Retains many of the advantages of the demonstrated Stirling hydraulic approach
: developed tor long-life, artificial heart power-source application.
’ d)  Off-the-shelf alternator or generator requires no development.
; e) Completely balanced for smooth, quiet, vibration-free power.
Y f)  Proprietary Flow Industries heater head dasign allows a high design pressure for high
y { o power density and efficiency, and Jow weight, volume, and cost.
E ‘ g .
- $- ; g) Numerous possible stable contro} approaches have been identified. One sim>le
o control concept is a displacer drive using a synchronous motcr. The engine operates
) R $ at constant frequency with engine iorque automatically adlustmg to load torque.
|k Engine reheat loss does not decrease at partial load, but Carnot heat does. .he
3 A linear displacer drive aiternatives ailow microprocessor control of the stroke, while
' : é F'a maintaining a constant frequency, The linear drive reduces both reheat ioss and
1 : Carrot heat when operating at partial power.
i h)  Linear Electrical displacer drive zpproach eliminates the need for dispiacer drive
3 piston seal.
(T E i) Operating at a constant frequency allows the use of a dynamic absorber for full
Tk system halancing or augmentstion of system balancing. If a dynamic absorber is uted
N for full syctem belancing, only ene flywheel is required.
3 Dissdvantages: a)  One small tlywhee: is required.
g
[
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Displacer contro! techniques were examined and classified into two categories:
(a) free displacer; and (b) forced dispiacer. The free displacer uses a form >f natural
tuning to control the engine. The mass of the displacer acting against a gas spring
provides the control parameters. The spring constant can be varied by changing the
volume of the cavity containing the "spring" gas (bounce chamber). This is generally a
very sensitive control parameter, so that small changes in bounce chamber volume can
cause large changes in power output. The forced Jisplacer overcomes the problems of
the free dispiacer by providing good control. Many different schemes can be used to
provide the drive for the displacer. These include:

. Hydraulic actuator

. Separate crankshafi (not connected to power piston)

. Solenoid (electrical actuation).

A hydraulic actuation system has been used in the heart nower source and for the
output on a 15 kW conceptual design. The hydraulics add complexity and cost to the
system. A solenoid drive is the simplest system and does not require any seals. The
electrical drive for the displacer can be automatically controlled to compensate for
load changes and start-up. The simplicity of the soienoid drive made it the preferred
system for the engine/alternator unit.

Three working gasses, helium, hydrogen, and air, were considered. Air was
determined to be undesirable due to the low power density that can be achievec witn
its use. The safety of helium versus the slightly improved performance of hydrogen
was a trade-off consideration. Other considerations were the difficulty in containing
hydrogen and the effects it has on metal properties. The result of these

considerations was the conclusion that helium was the best all around working gas.

C. Conceptual Design of a 3 kW Stirling Ringbom Generator System

The complete generator set will consist of:

. Operator control and indicator lights.

« Starting system, including igniter.

. Fuel system, including liquid fuel control.
. Combustor.

. Sodium heat pipe.

. Two-phase cooling system and fan.
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! . Noise and infrared attenuation devices.

! . Engine/alternator subassembly.

. Control system and microprocessor,

. Mounting frame,

Operator Control and Indicator Lights
Flow will use an operator control system that is the ultimate in simplicity...an
; on-off switch. The operator will also be provided with several indicator lights to
* display the status of the systern. These lights are used as diagnostic indicators to help N

the operator troubleshoot the system.

Starting System, Including Igniter
The starting system will be fully automated, and will operate the entire system (

[T

| from battery power until the generator comes on line. The battery will power the
dispiacer drive {400 watts), the fuel pump and combustor air fan (60 watts, total), the
combustor ignition system (300 watts, for a short period during initial ignition stage),
the microcomputer (5 watts), the oil pump (35 watts), and, as required, the Stirling C

,,.._m,,_AM_,‘,A,‘

engine cooling fan (150 watts). The system will include an inverter (12 vo!t DC to 120

b b T e e

) volt 2C) to operate these auxiliary units more effectively during startup. A
conventional automobile battery can supply ample energy with reserves many times

.

] “ the operational requirer:ents. ¢
B N The start switch turns on the microcemputer, which in turn will sequentially ' ‘
activate the other controls to start the system. We will also provide a ready light to :
indicate when the system is ready for application of the electrical load. This ready

| light will alsc signal the transfer of the auxiliary electrical load frc the Lattery to C

i the generator, which will then recharge the battery.

Fuel System, Including Liquid Fuel Control

The fuel system consists of a tank, pump, and controls. The fuel control system cl
will be operated by a microprocessor. Flow Industries' recent success in incorporating ‘
a microprocessor into the design of our 120-kW vertical axis wind turbine, and the ;

general usage of microprocessors in automotive fuel control, indicates its use in the
present application. Our approach is to use the microprocessor to provide a c
combination of continuous and intermittent fuel feed. Continuous fuel feed will be
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used from 100% down to about 40% of design loading. Below the lower load level, we
recommend intermittently shutting off the combustor completely, allowing the

thermal inertia of the combustor and heat pipe to power the engine. During
flow rates and fuel

The

continuous operation, the microprocessor will control fuel
temperature to achieve optimal combustor efficiency over the load range.
transition point from continuous combustor operation to on/foff operation will be
deterinined by comparing fuel consumption under various engine loads for each of the

two modes of operation.
The microprocessor will use measurements of the heater head temperature and

tha electrical load to determine the fuel flow rate. The heater head temperature wili
be maintained at the design point for efficient operation, but the rate of head heating
or cooling will vary with engine loading. Thus, by monitoring the heater head
temperature, and using the change in the electrical load as a derivative feedback, a
responsive, stable control of the combustor can be assured.

The microprocessor will also be designed to vary the combustor air flow rate by
varying fan speed in a manner simijlar to liquid fuel control. The air flow will be
varied in proportion to the fuel flow in order to achieve the high flame temperatures

associated with near stoichiometric combustion.

Combustor

s e o g v

We propose the use of a modified furnace combustor to supply the 11.3 kKW or
38,000 BTU/hour of thermal energy to develop 3 kW (4 HP) of electric power, as shown
in Figure 6. Figure 6 shows the individual components, their power losses, and the
energy flow throughout the entire system,

Recent interest in fuel-efficient home furnaces has resulted in several new
combustor designs far superior to older models. The new designs, incorporating flame
retention burners, have fuel-to-thermal conversion efficiencies up to about 90%. The
remaining inefficiencies result from the latent heat of vaporization cortained in the
water vapor. We will investigate these new combustor designs in Phase 2, and modify
one of them for use with this system. One of the planned modifications wili be a
combustor-air preheater to recover the heat contained in the combustion gases leaving
the hot sodium heat pipe evaporator. This Is necessary to achieve high

fuel-to-thermal energy conversion efficiencies in heating sodium. The 3 kW output
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s

fuel consumption is 2 pounds per hour (l.l liters per hour) of diesel fuel. This

S e ——— 2

’ corresponus to 0.5 pounds per horsepower-hour,

| ; Thermostatically controlled electric fuel preheaters are also commercially

available. Since fuel temperature directiy controls the fuel droplet size in the

combustor, use of such a preheater will facilitate efficient combustion,

: ’ Most existing Stirling engines use hot combustion gases to directly heat the
heater head on the hot end of the displacer, resulting in inefficiencies and mechanical
problems. The combustion gases, having a low heat transfer coeffiecient, require a
surface area much larger than the heater head for efficient heat exchanging. This

s results in excessive heat loss or an excessively large heater head. A second problem

[ results from nonuniformities in the flame temperature of the combustor, caused by
local variations in fuel-to-air atios. The hottest places in the flame can overheat the
heat exchanger tubes, weakening them and causing blowouts of the high pressure

L2 working fluid of the engine. To prevent these hot spots, the overall flame
temperature must be lowered, which resulis in a loss of coinbustor efficiency. In
addition, the tube walls must be made thick, which results in excessive thermal

' stresses, thermal fatigue, and eventual failure of the tube wall.

& b "he use of a liquid mctal heat pipe to conduct the combustor energy to thz

dgisplace. pision avuids proviously mentioned problems, and provides several positive

advantages. First, the heat pipe acts as a thermal transformer. It gathers heat from

{ hnot combustion gases over a wide area that has a low heat-transfer coeffizient, and

IR E delivers the heat across the much smaller area of the heater head to the engine

) L working gas, which has a high heat-transfer coefficient. This allows the heater head

: to be about one-third the size of a combustion-heai>d heater head, with an
accompanying reduction in weight, volume, and cost. Second, the heat pipe acts as an

C isothermal h<at receiver since it cannot be damaged by local hot spots due to the high

; thermal corductivity of the liqu.d metal. This allows the use of thinner tube walils,
3 which results in weight reduction, and faster, more efficient heat exchange. The fluid !

of choice in the heat pipe is liquid sodium, due to its eusy availability and appropriate ;
{ boiling point {or this application. The heat pipe design can be simplified if the hzat

source is Jocated below the heater lizad so that the condensed liquid can be returned i
to the pocl by gravity flow rather than by wick action. An area of consideration in

heat pipe design is the effect of hydrogen permeation. i hydrogen from the
combustion gases permeates the heat pipe walls, the sodium boiling point will rise

v ¢ o
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until the heat pipe requires higher temperatures to begin conducting. Proven coatings

B —

to prevent this perimeation are available and will be applied as required.

The pressure stabilized configuration employed in Flow Industries' advanced
heater head will incorporate a high temperature sodium heat pipe to transfer heat
from the heat source to the gas heater region. Hot spots that cause serious problems
in other designs are thereby eliminated. In the propesed engine, a wall temperature
drop of 20°C is predicted. This i~ only slightly higher than typical average values
experienced by conventional heater tubes, but is much less than the additional 50°C to
100°C temperature difference usually encountered between the hottest metal

temperature anr the average temperature. A higher average temperature can
consequently be achieved with substantially lower peak metal temperatures. This

allows the use of less expensive nickel-based alioys instead of the cobalt-based alloys i

POAET S PU

found on current!y available Stirling engine designs. This transition significantly s

reduces the material cost for the heater head with little or no loss in ef{ective hot gas

temperature.
The use of high temperature heat pipes also enables the gas heater to be sized for

the working gas ‘ide of the heat-transfer film coefficient rather than the lower
] combustion side coeffizient. This factor results in Jess gas dead-volume, which
' ‘ improv es the power density of the system. Further performance gains are possible,

T D 2 Y e Sy ep ey Y s -

because an annular fiow heat exchanger has a better ratio of heat transfer capacity to

L { fluid-friction loss than tubular heat exchangers with the same dead-volume.

’\z.
“r

_, - Safety is znother important consideration in the heat pipe design. The liquid
. . sodium planned for use is chemically aclive and reacts strongly with water.

i ; Nevertheless, it can be used with complete safety by welding the sodium intw a

k 20

hermetically sealed chamber., Flow's patented heater head design allows all-weided

construction to ensure an effective chamber seal. This methed is currently used in

l many diesel engines for exhaust valve cooling. Any safety problemn reduces to
providing mechanical integrity for the liquid metal container.

Many steel alloys are suicable for containing sodium, and corrosion resistance to

sodium has been well documented by the nuciear industry. Basically, the same

iron-nickei-chromium alloys used for high temperature creep resistance arz applicable

S e T

for containing sodium. ]
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Since the Army's long range recuiremeni for the combustor includes the use of
alternate fuels, fuels such as diesel, jet fuel, and gasoline can all be burned efficiently
in the flame retention burners by making minor adjustments,

Sodium Heat Pipe

Two major problems with existing combustion-driven Stirling engines are the
physical size of the heater head and hot spot damage to the heat exchanger tubes.
The use of a sodium heat pipe to conduct the combustor energy to the displacer heater
head has advantages for two basic reasons. First, the heat pipe acts as a thermal
transformer, collecting combustor energy over a relatively wide area and delivaring it

to a compact heater head. Second, the heat pipe is essentially an isothermal heat
receiver and cannot be damaged by local hot spots in tire combustion flow.

Two-Phase Cooling System and Fan

The cold end ci the displacer piston will be most efficiently cooled with either a
heat pipe using halogenated hydrocarbons or a two-phase thermosiphon using one of
the pentane isomers. In either case, no cooling pump will be required, thus avoiding a
known high-maintenance item in conventional internal combustion engines. The

preferred cooling method will be selected based upen consideraticn

of reliability and

(7]

ability to operate over the broac range of ambient temperatures encountered (-2 F
to 125 F).

It will be necessary for the evaporator end of the coolant cycle to surround the
cold end of the displacer piston. 11 ¢ condenser end of the cycle would best be
situated above the displacer in a radiator that is cooled by forced-air conve :tion with
a fan or blower.

The cooling fan will need to draw about 7000 watts from the coolant. It will

operate at reduced air flow velocities to prevent excessive noise generation. To
further reduce noise, special muffling devices could be installed with the objective of
meeting the aural non-detectability requirement as specified in MIL-STD-147&b.
Similar muffling devices could also be installed on the combustor air intake and
exhaust,
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Noise and Infrared Attenuation Devices

The design goal for noise level is to achieve the limiting octave band levels (dB)
as specified in MIL-STD-}474b for aural non-detectability at a nominal distance of
100 meters. To achieve this, the engine noise level measured at a distance of, for
example, 6 meters should not exceed 4 dB for the octave band having a center
frequency of 500 Hz. Design features emphasizing low noise could be incorporated, in
addition to special muffling devices in order to meet the Army's requirements for an
extremely low noise level power source. Special considerations need to be focused on
the combustor air intake and exhaust, cooling fan and its shroud. Lightweight infrared :
radiation shields could be incorporated to reduce the infrared signature.

= g

: ! Engine/Alternator Subassembly
’ ; After a comparative analysis of the five Stirling engine concepts was completed,
the forced displacer Ringbom Stirling was chosen, based upon the previously listed

-~

. f advantages, found in Table 5.

The proposed design concept employs a helium working fluid and an
electromagnetically driven displacer. Frequency control is accomplished by means of
a crystal-based electronic displacer drive. The design also employs a rotary elecwricai
device so that both A.C. and D.C. machinery can be incorporated. System balancing

e o e Y i s

T e e e e
e e ae A bl amt

1 , is accomplished by using harmonic dampers and counterbalances. The system is
; ‘ ' designed to be hermetically sealed, similar to a refrigeration unit, ior maximum
% reliability.
A Preliminary engine specifications and a iull-size conceptual layout are showrn in
Table 6 and Figure 7. The key elements of the design are discussed below.

The displacer is held conceniric within its housing by means of double spiral

"
e et e e

flexures at each enc, allowing free axial motion while maintaining a constant gap
between displacer and housing. The basics of this concept are shown in Figure 8. The
displacer drive consists of a crystal-controiled electromagnetic system that drives the
displacer at a constant 60 Hz, once the engine is biought up to full operating speed.
The working gas is heated by heat pipe condensate which collecis on the walls of

the concentric tubes through which the working gas passes.
The working gas moves to and from the cooler region through an annufar

e T A e T e £ e B 8 e E O a1 S A o ka5 5 18 e
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Teble 6. Fraliminary Engine Specifications 3kW/60Hz Ringbom GPU

Displacer:
Diameter
Stroke
Displacement

Power Piston:
Diameter
Stroke
Displacement

Regenerator:
Cutside Diameter

Inside Diameter
Length
Volume

Matrix Density

Working Gas:
Flovw gap (heater and cooler)
Pressure
Gas

Butier Gas:
Pressure
Volume (min. required)
Gas

Alternator:
Max Continuous Power
Freqguency

Speed

6.35cm (250 in.)
1.27 c¢m (.50 in.)
40 cc (cu. in.)

5.72 cm (2.25 in.)
1.17 em (W46 in.)
30 cc (1.83 cu. in.)

7.30 (2,88 in.)

6.68 c¢cm (2,63 in.)
3.81 cm (1.50 in.)
26.6 cc (1.62 cu. in.)
40% to 50%

064 ¢cm (.025 in.)
13.8 + 5.5 mpa (2000 % 800 psi)

Helium

13.8 mpa (2000 psi)
1 liter (6!} cu. in.)
Freon

3000 watts
60 Hz
3600 rpm
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The working gas will operate at an average pressure of 2000 psi and will vary
+ 800 psi during each cycle. In order to reduce power piston loads, the crankcase will
be charged with a buffer pressure of 2000 psi.

The power piston is hermetically sealed with a power bellows that separates the
working gas from the crankcase. Irdefinite life can be obtained from a bellows that is
operated free from any pressure difference. Therefore, a compensator bellows is used
to communicate the working gas pressure to the inside of the power bellows. The
volume inside the power bellows is cil-filled, and the volume remains constanv during
operation. Any leakage from this zone is replenished by an oil lubrication pump,
discussed below,

The power piston overlaps the stroke of the displacer, producing a negative dead
volume for the working gas. This concept increases the power-to-volume ratio of the
engine, minimizing size and cost.

The power piston is designed with a diameter step that becomes the oil
lubrication pump during operation. Oil is drawn from the sump through a check valve
during the up stroke and forced through another check valve to the journal beaiings
during the down stroke. An accumulator, relief valve, and filter (not shown on the
drawing) are connected to the oil pump ouiput to maintain a constant 50 psi above
buffer pressure during the up stroke and to remove wear particles.

The crankshaft is balanced to minimize vibration. A harmonic vibration damper
tuned to a natural frequency of 60 Hz is mounted externally to balance .the vibration
induced by the power piston and displacér. .

Since it is extremely difficult to seal a gas through a moving seal, the alternator
is contained within the system and surrounded by the crankcase gas at 2000 psi.
Electical connection is then made through a hermetic seal. This concept is similar to
a refrigerator compressor that is hermetically sealed and reliably operates without
maintenance for many years.

The design incorporates metal-to-metal hermetic "K" seals that are well-proven
static seals. An additional elastomeric seal is used with each "K" seal to damp out the
pressure fluctuations of the buffer gas, eliminating fatigue.

A sezalplate separates the alternator housing from the crankcase, preventing
unwanted intrusion of ‘engine oil into the alternator housing if the GPU is
inadvertently turned over. The oil sump, however, is designed to allow 30° tilting in
any direction.
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The advanced-design shaft coupling provides extensive trouble-free life by virture
of the spline-elastomer design.
> The hardware concepts incorporated in this unit are fundamentally maintenance
free. However, access is provided by easy disassembly via the O-rings and "K" seals.

Contro] System and Microprocessor

System contrul is based on a microprocessor. With the microprocessor, Flow's
system is less expensive and more reliable than it would be without it. Also, it
actually aids design by substantially reducing development time. This means of
control allows a wide variety of parameters to be sensed and controlled by a relatively
simple electronic circuit. This simplicity means that the system is also reliable.
Since al! of the electronics can be contained on one or two small plug-in printed
circuit boards, maintenance can be easily accomplished in the field by a simple board
substitution. The board cost should be so minimal that defective boards could be
scrapped and several spare boards stocked.

Flow Industries, Inc. has designed and used microprocessor control systems for
other high technology fieid devices, the most notabie of which is a 120 kW verticai
axis wind turbine that we manufacture commercially. The control system monitors
the operating parameters and the power quality of the machinery. It controls the
generator and will shut the system down in case of problems with the turbine or the

‘v grid. The turbine control system'is much more complicated than the control
sy. .m anticipated for the Stirling/Ringbom Engine (FPSE) generator system, yet it
on!, .equires four small printed circuit boards. The flexibility and reliability of this
contrel system has proven to be a key featurc of the entire wind turbine system.

Tk key features of the proposed Stirling alternator controller are covered in the
follov'~g sections, which also provide some insight into the control algorithm which
will be designed. The overall philosophy is to provide a control system that will not
require the operator to do anything more than turn on a switch to start the system,
and turn jt off to shut the system down. Figure 9 shows a schematic of the control
system. |

In order to meet the frequency and voltage stability requiremenis, the control
system must have &n accurate frequency reference and a rapidly responding set of
sensors and controls. These must provide the proper response to compensate for such
phenomena as the thermal inertia of the system, and contro} actuator response time.
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The sensing and control parameters relating to the Stirling/Ringbom generator
@ system follow:
_ I+ Frequency
E 2. Load (current/voltage) :
_ s 3.  Displacer Amplitude
; 4.  Fuel Flow ,
5. Air Flow i
! 6. Heater Head Temperature i
c 7.  Cooling System Temperature 1
3. Oil Pressure
f These parameters define a control system that meets all requirements for power
I C quality.
f The sensors for the system must be rugged and have a response time rapid enough
: to provide a stable system response. Five sensors have been identified for the :
§ proposed system. All of these sensors are available from several manufacturers and i
¢ do not pose any design problem, i

l. Voltage - the output voltage of the alternator is a key parameter that must
feed back to the excitation current. The proposed sensor is an ;
analog-to-digital (A/D) convertor that would either provide an f

o instantaneous voltage value or an RMS value over a given time interval.

Using the instantaneous value allows for more flexibility and tighter control
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from the microprocessor, and may be the desired mode of operation.

é , 2, Current - the current can be sensed in the same manner as the voltage by
using a shunt resistor and an A/D convertor. The current provides a rapid
indication of the fuel flow requirements, and can be used as an effective

3.  Heater head temperature - the most common temperature sensing eiement
for such applications is a thermocouple, These devices provide rapid
response times and are accurate enough for the control purpose. Again, an
A/D converter can be used to convert the signal into a form usable for the
microprocessor. The heater head temperature must be maintained between
predetermined limits for best efficiency and system life,

]

"rate" input to the fuel flow control algorithm. i
|

i
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4, Coolin~ _system temperature - this sensing device can be a simple bimetalic
contact with some hysteresis which controls the fan motor. Several C
automotive devices are available,
5. Oil pressure - there are several automotive devices available,
E : The control syste.n must operate five devices that regulate: -
{ i, Dienjacer motion,
| % Fuel flow.
é 3.  Air flow (for combustion). 3
; 4.  Cooling system fan. Cl
: 5.  Operational indicator lights (e.g., warning lights). ¥
i‘ i The displacer motion is controlled by the current applied to the jinear motor drive
f system. The displacer motion amplitude will be a function of the electrical load. £
: Under steady operating conditions, the frequency will be held constant by reference to
| a crystal oscillator. During starting, the displacer frequency will be gradually
r increased to steady operating conditions. The displacer motion is controlled to
\ maintain the correct stroke, that would otherwise vary with phase angle between 0
x displacer and power piston. :
t The fuel flow and combustor air flow are proportional control valves that will be
' i. driven by the microprocessor to produce maximum combustion efficiency. For idle i
h. load operation, the combustor will be operated intermittently to achieve optimum 0i
o performance, J
‘ The cooling system fan is driven by an electric motor controlled by a bimetalic K
: switch. The system is simple and similar to that found in many modern automobiles. i
] ':’5 The operational indicator lights are a group of display lights that inform the 0,
operator of system status. Their main function is to aid in trouble-shooting the ,!
' system should some problem arise, |
; The conitrol system handles four operating regimes: ]
& l.  Start-up. Q
\ 2,  Steady state operation. '
:. 3.  Transient loads. ;
a ‘i 4. Shut-down.
| ¢
;
-
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The control system design philosophy is to reduce the operator's function to one
of turning a single switch on or off. This means that the contro! system logic will
make all the decisions appropriate to proper system operation, cetermine if there are

any problems, and take the necessary action. The microprocessor controller will

s provide diagnostics to help troubleshoot the system. For examgle, if oil pressure is

lost, the controller will shut the vystem down and illuminate a light to inform the

TN

operator of the problem. Many other conditions can be identified and provisions made

for appropriate warning lights. This is the technique used on the wind turbine

¢ previously mentioned. Sucn a system greatly simplifies maintenance.
Transient loads are sensed to control displacer amplitude and the combustor fuel

e e

and air flow.
During shut-down, the load will be nrotected from any low voltage operation by an
internal relay, which disconnects it. Also, the cooling system rust continue to 4

operate until there is no danger of overheating the engine.

Mounting frame
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The entire operating system will be mounted on a sturdy metal frame. The 3

_——

individual cemponents wiii be positioned tc minimize system volurne and be protected !
irom damage and deterioration as per MAD: AK military specifications.
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C D. Computer Simulation
The Flow Stirling engine design procedure is well grounded in theory and has been

successfully used over and over again at the practical level. This has been

¢ s it 2 atn . ..

1 s demonstrated by the successful design of systems developed over the years by Flow
' ¥ Industries and its team members. i

E. The general computer sinulation codes and procedures were modified to simulate

the 3 kW Ringbom engine with linear electric drive.

The analytical procedure involves two separate programs. The first code, CSMP,
performs a dynamic simulation of the system; the second, ASHES, evaluates the
thermodynamic performance of the system based on the dynamic simulation result.

The dynamic simuiation program calculates displacer and power piston position
and pressures as functions of time, by solving a system of differential equaxions.

.
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When a dynamic simulation run is ccmpleted, the results must be interpreted to
determine the work output ¢f the engine, the heat input requirements, and other
important design parameters. ASHES (Analysis of the Stirling Hydraulic Engine
, System) was developed to access the CSMP output files and produce a cycle-by-cycle
" analysis of the heat input terms and other essential analyses. ASHES eliminates most
of the manpower which otherwise would be expended in determination of the

predicted design performance for each simulation run.
ASHES provides a concise output listing which includes all the input data used by

the simulation, all important calculated initial value parameters for the simulation
‘ case, and a complete performance analysis of the simulation run on a cycle-by-cycle !
( basis. The performarce analysis includes the pressure-volume integrations necassary
to determine work terms and the Second Law heat. Stroke lengths and relative
pcsitional data are calculated. ASHES uses simple, second-order thermal analysis
methods to calculate the reheat losses, and uses a test data curve fit to calculate the
fived heat loss. ASHES also computes the "instantaneous" frequency of the power
piston at each cycle, from which the electrical power output can be determine:l.

The computer simulations were performed to model the start-up, transient
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i behavior, and the steady power characteristics. Figure 10 shows a plot of the C
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displacer and power pision freguency as 2 function of time. The starting procedure
i was to linearly increase the displacer operating frequency trom 0 to 60 Hz over &
; ’L three second period. The figure shows that the pcwer piston closely follows the
o displacer Irequency up to the steady operating condition. There is a slight frequency
-;-: j ripple which is damped. This ripple has an amplitude of about 1% of the 60 Hz steady
! value initially, and then quickly damps out. This means that the voltage output from

the generator and harmonic content would be well within the military standards for

v ok e ol _.Q.'..«,.‘-u__.-_.-u

tactical power units.
The ramp in frequency for starting will be produced by the microprocessor
controlier. Since the microprocessor is crystal controlled, the steady staie frequency

i of 60 Hz will be very precise.
Figure 11 shows the power output from the Stirling/Ringbom engine as a function ¢
! of the phase angle between the displacer and the power piston. Maximum power is '
achicved 2t a Y0° phase angle. At the nominal engine power output of 3.8 kW (3kW

f electrical output plus 0.8 kW for accessories) the operating phase angle is 47°. ﬁ
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Transient performance data are presented as percent deviation of instantanecus
frequency from the steady frequency of 60 Hz. These results can be interpreted as a

percent voltage variation and also as a percent harmonic content. The oscillation has
a ft:équency of about 4 Hz. The damping is proportional to the applied load, as can be
seen by comparing Figures 12 and 13. Figure 14 shows the effect of load rejection.
The no-load condition was assumed to be 800 watts of power output from the
generator, used to power the combustor blower, fuel pump, cooling fan, battery
charger, controller and other auxiliaries.

These results indicate that the system will easily meet the requirements for
tactical power generation.

6. CONCLUSIONS

The work presented in this study showed that a long life, maintenance-free

Stirling/Ringbom engine design could be built using current technology scaled up from
a heart pump power source. The design features a sealed power unit similar to a home
refrigerator compressor which would be protected from the environment and not
require a working fluid make-up system. The heater head employs a heat pipe to
eliminate tne burn-out problems associated with prior designs. A two-phase cooling
system eliminates the need for a coolant pump, a major source of repair problems.
There are no high-pressure sliding seals in the design, which is the main reason that a
long, maintenance-free life is projected.

A microprocessor controller insures that the system is always operating at the
optimum efficiency and reduces the operator controls to a simple on/dff switch. The
controller also provides diagnostics to help with field maintenance.

Computer simulations of the design showed that the crystal-based drive for the
system provides precise frequency control. The transient load performarce of the
system far exceeds the tactical generator requirements set forth in MIL-STD-1332B.

The results of this study clearly indicate that a Phase 2 hardware development
effort wouid be justified.
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